INTRODUCTION
Mid-ocean ridges mark accretive plate boundaries where new oceanic lithosphere originates by seafloor spreading. With a total length of some 60000 km, they represent the longest, linear uplifted feature of the Earth's surface. Studies of midocean ridge environments suggest variations in morphology, crustal thickness and geochemistry along axis (e.g. Macdonald 1986; Schilling 1986; Bown & White 1994) . Also, upper-mantle structure is reported to be variable beneath spreading centres (Bowin, Thompson & Schilling 1984; Schilling 1986; G o s h & Aslanian 1992) . Some of these observations are believed to be dependent on proximity to a hotspot. Morgan ( 1978) proposed the possibility of asthenospheric flux between off-axis hotspots and nearby ridges to explain seamounts near the Galapagos, Rkunion and Australian-St. Paul hotspot plumes. Seismic surface-wave velocity inversions (Phipps Morgan et al. 1995) , morphological data (Phipps Morgan & Smith 1992 ) and geochemical results (Schilling et al. 1985 ; Storey e t al. 1989 ) support the idea of flow connections between off-axis mantle plumes and mid-ocean ridges. Moreover, volcanism appears to be enhanced along a mid-ocean ridge at the places that are closest to a plume (e.g. Schilling 1986) , and upper-mantle 796 structure between an off-axis plume and the neighbouring ridge segment seems to be modified (Goslin & Aslanian 1992; Phipps Morgan et al. 1995) . The purpose of this study is to investigate hotspot-ridge systems in relatively unexplored regions of the Indian Ocean.
In the Atlantic Ocean, several studies have indicated that satellite altimetry is a useful tool for determinating the mantle structure beneath a mid-ocean ridge (Haxby & Turcotte 1978; Bowin et al. 1984; Goslin & Aslanian 1992) . In order to determine variations in their upper-mantle structure, ridges in the Indian Ocean are investigated by Geosat/ERM altimetry.
DATA
The data used to derive upper-mantle structure are geoid height and plate age (Haxby & Turcotte 1978; Sandwell & Schubert 1980) . Orbiting microwave radar altimeters, such as the Geosat, provide precise measurements of the marine geoidal undulations over most of the world's oceans. In its unclassified Exact Repeat Mission (ERM), the Geosat re-observed the same ground track every 17.05 days from 1986 to 1989. The stacked repeated passes, up to 66 in total, of the Geosat/ERM (National Geophysical Data Center 1993; for processing see
Hotspot-ridge interaction in the Indian Ocean 797
Sandwell & McAdoo 1990) present precise measurements of the sea surface height, or geoid, and are capable of resolving features with wavelengths as low as 20 km (Yale & Sandwell 1994) . This accuracy and the dense coverage over the world's oceans made GeosatJERM an important data set for geophysical studies.
To investigate the upper-mantle structure of Indian Ocean spreading ridges, 21 descending track segments of the Geosat/ERM were chosen (Fig. 1) . Each of these profiles is orientated perpendicular to the strike of the ridge axis. These track segments were renumbered from west to east and do not correspond to any NOAA-NGDC label. The along-track data were then resampled at 10 km, which is within the resolution of the age map of MUller et al. (1993) . Plots of geoid height versus age are shown in Fig. 2 .
Three ridge segments of the Indian Ocean active ridge system were investigated (Fig. l) 
Southwest Indian Ridge
The Maud Rise is an isolated topographic high in the Weddel Sea, and its tectonic history is believed to be related to the evolution of the Southwest Indian Ocean. Major-, trace-and rare-earth-element concentrations of basalts drilled at ODP Leg 113 (Barker et al. 1988 ) are similar to those of alkali basalts from oceanic islands and seamounts (Schandl, Garton &Wicks 1990) . It 
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loo' discovered evidence for neotectonic activity at Agulhas Plateau and Mozambique Ridge. These observations may suggest that the evolution of the Southwest Indian Ocean is related to a mantle plume.
Carlsberg Ridge
The Seychelles, on the opposite side of the Carlsberg Ridge to India, represent, together with the Deccan traps in western India and with the offshore components of Deccan magmatism, one of the world's biggest large igneous provinces (Coffin & Eldholm 1992) . The intensive volcanism is believed to be a result of rifting above a region of anomalously hot mantle around a plume (White & McKenzie 1989 
M E T H O D O L O G Y
As newly formed oceanic lithosphere moves away from a midocean ridge, it becomes removed from the underlying heat source and cools conductively. This cooling has two effects:
( 1 ) the lithosphere contracts and increases in density; and (2) the cooling causes the lithosphere to increase in thickness away from a mid-ocean ridge ( ship in terms of several mantle physical and thermal constants and predicts a linear geoid-age relationship of -0.16 m Myr-'. Sandwell & Schubert (1980) have shown that the infinitewavelength approximation is generally applicable to plate ages younger than 80 Myr. However, density anomalies not associated with the thermal structure of the lithosphere also contribute to the geoid and tend to mask the lithospheric signals. Generally it would not be possible to decide whether anomalous masses were deep, or shallow but very broad in extent.
But the work of Bowin (e.g. 1983 Bowin (e.g. , 1990 ) did provide an initial assessment that the long-wavelength (> 4000 km), largeramplitude (> 10 m) geoidal undulations are likely to be due to mass anomalies at the core-mantle boundary region and depth, probably below 600 km in the lower mantle. The intermediatewavelength (3W4000 km) ones originate in the lower lithosphere and asthenosphere and only the short wavelength (20-300 km) are largely due to seabed and basement topography.
The traditional method of removing the long-wavelength structure of the geoid is to subtract a low-degree and -order spherical harmonic representation of the geoid. According to Bowin (1983 Bowin ( , 1990 , the deep-seated density anomalies appear to be represented by spherical harmonic coefficients of the earth potential field to harmonic degree and order 10 (Fig. 1) . This degree 10 field was used in many studies (e.g. McKenzie er Bowin et al. 1984; Filmer & McNutt 1989; Monnereau & Cazenave 1990 ), but there does not exist any general agreement. Degree 12 (Cazenave & Dominh 1984) and degree 14 fields (Vogt et al. 1984) have also been used. Other authors argue that the removal of the regional field consisting of a truncated set of harmonics 2-10 (2-12 and 2-14, respectively) corresponds to a sharp high-pass filter. Such a filter is reported to produce large side lobes, which will appear as highs and lows spaced at the cut-off wavelength of the filter. To avoid this effect, McNutt (1988) calculated the reference field to degree and order 10, and tapering the spectrum to degree and order 15. Sandwell & Renkin (1988) used harmonic coefficients 2-25, where the coefficients were rolled off smoothly. To window the coefficients, they used a Gaussian function. The window is 1.0 at degree 2 and decreases to 0.6 at degree 10.
Obviously, proper determination of a regional field is a critical issue if we are going to determine with confidence the upper-mantle density structure. Therefore, to test the highpass filtering of the geoid, different reference fields were used and residual geoid anomalies were determined for representative profiles. The reference fields were calculated using a flattening of 1/298.257 and the OSU91A geopotential model (Rapp, Wang & Pavlis 1991) . The cumulative geoid undulation error to spherical harmonic degree 20 is only f 11 cm for the OSU9lA model (Rapp 1993) . Fig. 3 shows examples of geoid height and different residual geoid profiles and Fig. 4 displays the cumulative contribution curve of the ridge crest anomaly by a stepwise accumulation of the contribution of spherical harmonic coefficients for each degree and order. In this way, the geoid anomaly as a function of increasing spatial resolution (decreasing wavelength) can be developed. Furthermore, the geoid-age relationship was calculated as a function of degree and order of the reference field. This relationship, i.e. the slope of the geoid with age, was determined by fitting a straight line to the data. Because the geoid profiles over the Southwest Indian Ridge and the Carlsberg Ridge mimic the topography of the rift valley, the lines were fit only to geoid values not influenced by the axial morphology. Generally, the slope was determined for lithosphere younger than 30 Myr, but for the southern flank of the Carlsberg Ridge, where only a few data points exist between 20 and 30 Myr (Fig. 2) , the slope was calculated for lithosphere younger than 20 Myr. Fig. 6 shows the geoid slopes of both flanks of each ridge segment by orthogonal degree. For the Southwest Indian Ridge and the Carlsberg Ridge the slopes for both flanks are relatively constant from degree and order 9 and greater, but for the Southeast Indian Ridge the slopes of its ridge flanks and the shape of the residual geoid anomaly change dramatically between degree 9 and degree 14 fields (Figs 5 and 6 ). This indicates that the geoid slopes for the Southwest Indian Ridge and the Carlsberg Ridge are insensitive to the degree 9 to 14 reference fields, but for the Southeast Indian Ridge this is not the case.
Because spherical harmonic analysis for spherical surfaces is analogous to Fourier spectral analysis for plain surfaces, I believe that the changing shape of the residual field and the misfit between the truncated degree 10 residual field and the topography of the ridge crest (Fig. 7) is associated with side lobes due to the sharp cut-off of the harmonic coefficients in wavenumber space. The existence of artefacts associated with high-pass filtering the geoid has already been discussed by Sandwell & Renkin (1988 Harmonic Degree Examples of residual geoid profiles after removing longwavelength undulations of the geoid. The reference fields are computed using degrees ranging from 2 to 9, 2 to 10, 2 to 14 and 2 to 25, with gradually rolled-off coefficients. Same profiles as in Fig. 3 . See text for further discussion.
i.e. the reference geoid was calculated by spherical harmonic coefficients 2-25, where the coefficients were rolled off smoothly. The residual geoid height calculated by subtracting this reference field shows excellent correlation with the degree 9 to 14 fields for the Southwest Indian and the Carlsberg Ridge ( Fig. 6 ) and it also incorporates energy at the axis of the Southeast Indian Ridge. Moreover, like the residual geoid anomaly, the northern ridge flank subsides more rapidly with age than its conjugated southern flank ( Fig. 7 ; Phipps Morgan & Smith 1992), i.e. this residual field correlates much better with the ridge-crest topography than the truncated degree 10 residual field (Fig. 7) . These results suggest that the degree 2-25 field with gradually rolled off coefficients seems to be an adequate representation of the regional field for all ridge segments investigated in this study. Moreover, the 21 descending track segments of the GeosatfERM, which are typically 2200-3500 km long, are much shorter than the wavelengths retained in the reference field. In addition, even if the decline in geoid with increasing crustal age actually continues out to the oldest crust of the Residual geoid anomaly (top) calculated by a truncated degree 10 field and by a degree 2-25 field with gradually rolled-off coefficients (Sandwell & Renkin 1988 tectonic corridors, the distances between adjacent oceanic plateaus and continents would be less than the cut-off wavelength of 4000 km. To determine averaged profiles, all residual geoid height profiles of an individual ridge segment were referenced to the ridge crest and a filter was applied to these data (Fig. 8) . The median value within a 5 Myr moving window was retained at a 1 Myr spacing (Wessel & Smith 1991) .
RESULTS
The individual and the filtered profiles are shown in Fig. 8 . The resulting slopes for all ridge segments display a strong asymmetry between the two flanks of the ridges. The asymmetry is observed both in profiles and in slopes of residual geoid per million years of crustal age.
Southwest Indian Ridge
The slope estimates for the Southwest Indian Ridge are nearly constant in the 0 to 50 Ma age interval, but only the estimate of geoid slope for the southern flank is consistent with the infinite-wavelength approximation of Haxby & Turcotte (1978) . Geoid as a function of plate age for the tectonic corridors shown in Fig. l(b) . Profile data (points) are referenced to the ridge crest. The filtered profiles (solid lines) are shifted for displaying. The dashed lines show the predicted geoid signal due to lithospheric cooling (Haxby & Turcotte 1978) . The asymmetry of geoid-age trends cannot be explained by cooling (see text for discussion).
Carlsberg Ridge
The resulting slope of -0.14 m Myr-' for the northern flank of the Carlsberg Ridge is in accordance with the half-space model (Haxby & Turcotte 1978) . For the southern flank only the 0 to 15 Ma values agree with this model, but for 15 to 35 Ma crust the slopedecreases to values less than -0.1 m Myr-'. In the 35 to 80 Ma interval slopes decrease for both flanks to near-zero values. As for the Southwest Indian Ridge some of the individual profiles show an increase of geoid height for ages greater than 60Ma. At the southern end of the track segments this is due to the topography of the Seychelles (Fig. 1) .
Southeast Indian Ridge
Crust between the Kerguelen Plateau and the Broken Ridge generally has ages less than 40 Ma. Only the two easternmost profiles extend to values greater than 40 Ma. The data within the 0 to 30Ma interval of the southern ridge flank are compatible with a slope of -0.05 m Myr-'. The slope of the northern flank is -0.145 m Myr-', which is in reasonably good agreement with the predicted geoid slope due to thermal subsidence (Haxby & Turcotte 1978) . For ages greater than about 30 Ma the slopes of both flanks generally decrease to near-zero values, but for the two easternmost profiles, which extend to crust older than 40 Ma, flattening occurs for ages greater than 40 Ma.
D I S C U S S I O N
The asymmetry in geoid-age trend on one flank of the ridge compared with the other flank cannot be overcome by a reasonable change in the mantle physical and thermal parameters of cooling models (Haxby & Turcotte 1978 ). An asymmetry in the parameters is unlikely, as both flanks share a common thermal origin at the spreading axis. It therefore appears that simple symmetric cooling models (Haxby & Turcotte 1978; Sandwell & Schubert 1980) 1995) . I believe that the unusually low geoid slope on one flank of the ridge can perhaps best be explained as a dynamic or thermal phenomenon reflecting this type of lateral flow connection between neighbouring hotspots and Indian Ocean ridges, while the other flank of the ridge simply cools as it spreads away from the axial zone. Observations of seafloor bathymetry and geochemical data are consistent with this idea. For example, at the Southeast Indian Ridge, Phipps Morgan & Smith (1992) observed that the Indo-Australian plate subsides faster with age than does the Antarctica plate. In addition, geochemical results suggest that the Kerguelen hotspot, located beneath the Antarctica plate, has developed a preferential nonradial flow towards the ridge axis (Storey et al. 1989) .
At the Southwest Indian Ridge, we have no evidence for a surface expression of a hotspot, but radar altimeter data provide evidence for buoyant mantle of anomalously low density beneath Agulhas Plateau, northwards of the Southwest Indian Ridge (Sandwell & MacKenzie 1989) . This may suggest that an Agulhas plume fed the asthenosphere of the Southwest Indian Ocean. Moreover, a geochemical anomaly at the ridge axis has been identified, but it appears to have a Walvis Ridge component (Hamelin, Dupre & Alltgre 1986) .
The evolution of the Carlsberg Ridge is related to the RCunion hotspot (White & McKenzie 1989) . However, at the Carlsberg Ridge an unusually low geoid slope occurs only for ages greater than 15 Ma, which suggests that at present the sublithospheric flow between Reunion and the Carlsberg Ridge does not interact with the ridge segment investigated here. This may be due to the fact that the RCunion hotspot passed the Carlsberg Ridge some hundred kilometres to the southeast.
Another common observation at the three ridge segments is the flattening of geoid-age trends with age, which is visible in both geoid and residual geoid data. The geoid-age trends d o not display a systematic decrease at 80Ma, as predicted by
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the plate-cooling model (Sandwell & Schubert 1980 Carlson & Johnson (1994) noted recently that depth (i.e. also geoid) versus age variation is well explained by perturbations due to hotspot plumes superposed on a 'normal' half-space cooling trend.
In the Indian Ocean there might be a correlation between plume-related breakup and subsequent margin evolution of continents and oceanic plateaus and flattening of geoid-age trends. At the Southwest Indian Ridge the breakup between Maud Rise and Agulhas Plateau occurred at 93 Ma (Martin & Hartnady 1986) and flattening is observed for seafloor older than 50 Ma. Rifting of India and the Seychelles block occurred at the Cretaceous-Tertiary boundary (White & McKenzie 1989) and flattening occurred for crust older than 35 Ma.
From early Tertiary to Eocene times the Kerguelen Plateau and the Broken Ridge have been separated. Increasing ages of the magnetic anomaly identified between these igneous provinces suggest that rifting propagated from east to west (Royer & Sandwell 1989 ). If we look at the age of flattening, it occurs in the west for seafloor ages of 30Ma, while in the east it occurs for seafloor ages greater than 40 Ma. These observations support the idea that plume events affect geoid (depth) versus age trends (e.g. Carlson & Johnson 1994) .
It is, however, impossible to define unambiguously the upper-mantle structure of a mid-ocean ridge from geoid data only, but an unusual intermediate-wavelength geoid signature is a striking feature of thermal buoyancy forces in the lithosphere and/or asthenosphere. The hypothesis I explore here can be tested with other geophysical parameters. One is the seafloor topography. The asthenospheric flow must elevate the seafloor and must produce a slowing of the subsidence of the lithosphere. Furthermore, as suggested by Phipps Morgan et al. (1995), patterns of off-axis volcanism may be related to ridgeward asthenospheric flow from off-axis plume sources, in that as asthenosphere is transferred from plume source to near-ridge sink it will move under progressively younger and thinner lithosphere. This would impart a vertical component to asthenosphere motions that should cause small amounts of melting and, maybe, off-axis volcanism. Another parameter directly affected by the thermal structure of the upper mantle is the phase velocity of Rayleigh waves. Interpretation of Rayleigh-wave dispersion curves shows that velocities are significantly reduced for young oceanic crust and asthenosphere (e.g. Forsyth 1977). This must also be the case for areas where hot material moves from a plume source to a ridge sink. In the Atlantic Ocean, for example, seismic surface-wave velocity inversions provide evidence for pipe-like connections between neighbouring off-axis plumes and the Mid-Atlantic Ridge (Zhang & Tanimoto 1993) .
CONCLUSIONS
In the Indian Ocean, geoid-age trends of conjugated ridge flanks are investigated by radar altimeter measurements. Filtered profiles of three individual ridge segments display a strong asymmetry in geoid-age trends on one flank of a ridge compared with the other flank. The asymmetry is interpreted qualitatively in terms of asthenospheric flux between an offaxis hotspot and the neighbouring mid-ocean ridge. The data offer good evidence that the Southwest Indian Ridge and the Southeast Indian Ridge act as sinks for plumes beneath the Agulhas Plateau and the Kerguelen Islands, respectively. African lithosphere, created at the northwestern portion of the Carlsberg Ridge, is believed to have been contaminated by the Reunion hotspot until 15 Ma. Moreover, symmetric flattening of the geoid-age trends of conjugated ridge flanks supports the idea that plume events, associated with the break-up of oceanic plateaus and continents, affect geoid slopes.
